To clarify the function of the Hoxc-9 gene, we have introduced a mutation into the Hoxc-9 locus by gene targeting. Skeletal analysis of homozygotes revealed that anterior homeotic transformation occurred from the 10th thoracic vertebra to the first lumbar vertebra. Bending and fusion of the ribs were observed. Eight or nine pairs of ribs were attached to the sternum. The sternum showed an abnormal pattern of ossification. Phenotypes of the mutant mice resembled those of the Hoxc-8 mutant mice. The data suggested that a functional interaction between the Hoxc-8 and Hoxc-9 proteins is involved in segmental determination. Moreover, changes in the Hoxc-8 gene expression pattern suggested that the Hoxc-9 gene regulates expression of the Hoxc-8 gene.
Introduction
The genetic functions of the Hex genes have been investigated by means of gene targeting in embryonic stem cells (Chisaka and Capecchi, 1991; Lufkin et al., 1991; Chisaka et al., 1992; LeMouellic et al., 1992; Ramires-Solis et al., 1993; Jeannotte et al., 1993; Small and Potter, 1993; Condie and Capecchi, 1993; Doll& et al., 1993) , and there is increasing evidence that the Hex genes play important roles in determination of segmental identity along the body axis.
Of the Drosophila HOWC genes, the Abd-B gene is expressed in the most posterior regions of the Drosophila embryo. Different sets of transcripts of the Abd-B gene have different expression domains that determine segmental identities (Kuziora and McGinnis, 1988; Sanchez-Herrero and Crosby, 1988) . On the other hand, the mouse has multiple copies of the Abd Ikomashi, Nara 630-01, Japan genes in each cluster except the B cluster, which contains a single Abd-B subfamily gene. These Abd-B homologous genes are detected with regional differences of expression during embryogenesis, probably as part of the process of establishing a body plan along the anteroposterior axis. The Abd-B subfamily genes are located at the 5 '-most end of the clusters and contain 15 of the 38 Hox genes. Many of the Abd-B subfamily genes have distinct patterns of expression. For example, the Hoxa-IO, 11 and 13 genes are expressed along the proximal-distal axis of developing limbs in chicken and mouse (Yokouchi et al., 1991; Haack and Gruss, 1993) . The IO, II, 12 and 13 genes form a coordinated expression pattern along the anteroposterior axis of limbs (Dolli and Duboule, 1989; Nohno, 1991) . These results suggest that the Abd-B subfamily of genes play important roles in establishment of the axes of vertebrate limbs. Recent studies using gene targeting have shown that mutation of the Hoxa-II gene causes defects in limb morphogenesis and that mutation of the 1993). The functions of the Abd-B subfamily genes in the C cluster, however, have not been investigated so extensively. For better understanding of the genetic function of the Hex C Abd-B subfamily genes, we have introduced a mutation into the Hoxc-9 gene by gene targeting and characterized the phenotype of the mutant mice. The mouse Hox C cluster consists of nine Hox genes, five of which belong to the Abd-B subfamily. The Hoxc-9 gene is the most 3' gene in the Abd-B subfamily and by 12.5 days of gestation, it is reported so far to be expressed in the prevertebrae posterior to the 9th prevertebra, in the hind limb bud and in the kidney and intestine (Erselius et al., 1990) . Homozygous mutants were born alive and showed anterior transformation of the thoracic vertebral columns and malformation of the sternum and ribs. Heterozygous mutants also showed transformation of the vertebrae.
The Hoxc-9 mutant and Hoxc-8 mutant phenotypes were surprisingly similar. The Hoxc-8 gene is adjacent gene to the Hoxc-9 gene and its expression is located anterior to that of the Hoxc-9 gene. The similar phenotypes of their mutants suggested that the and Hoxc-9 proteins interact to determine segmental identities in the domains affected by mutation of these genes. We examined the expression pattern of the Hoxc-8 gene by whole mount in situ hybridization, in order to understand the mechanism of cross regulation in Hox gene expression. In heterozygous and homozygous mutants, domains with A replacement-type targeting vector, pH22, was used to generate a mouse strain that lacked Hoxc-9 gene function. Homologous recombination between the targeting vector and the endogenous locus resulted in complete deletion of the entire sequence of the Hoxc-9 gene including the promoter region (Fig. 1A) . No transcripts, of any kind, could be transcribed from the targeted allele.
After introduction of the pH22 vector into CCE ES cells (Schwartzberg et al., 1990) by electroporation, cells with the targeted allele were selected by Southern blotting (Fig. 1B) .
For production of chimeric mice, cells with the mutant allele were injected into C57BW6 blastocysts. Male chimaeras were mated with A/J-strain females to obtain agouti offspring derived from the ES cells. The transmission of the targeted allele was confirmed by Southern blotting and PCR for the near sequence.
As mice heterozygous for the disrupted allele appeared normal, homozygous mutants were generated by intercrossing the heterozygotes. The genotypes of the resulting progeny were determined by PCR analyses of tail tip DNA (Fig. 1C) . The ratio of homozygous mutants conformed to Mendel's laws, suggesting that homozygotes for the disrupted Hoxc-9 allele are not embryonic lethal.
Growth deficiency of homozygous mutants
The mice that were homozygous for the targeted allele were born alive and were indistinguishable from their heterozygous or wild type littermates at the time of birth. Over time, however, the homozygous mutants showed lower rates of weight increase; they became apparently smaller than the heterozygotes and wild type mice. At about 1 week after birth, the homozygous mutants could be recognized visually by their size phenotype, moreover, by this time they had aquired a hunched back. Although some mutants died before weaning, gross necropsy did not reveal any defects in the kidney or in the small intestine where the Hoxc-9 gene is expressed. Most of the homozygotes survived past the age of weaning and both homozygous males and females were fertile; as a result, strains carrying the mutation could be maintained by crossing the homozygotes.
Skeletal malformation
The severe spinal curvature of the homozyous mice was studied in greater detail by comparing stained skeletal preparations of normal and mutant mice. The skeletons of the mutant mice showed malformations in the thoracic region (Table 1) ; the most predominant defect was transformation of the vertebral columns. In the wild type mice, the spinous processes of those vertebrae that were anterior to the 10th thoracic vertebra (TlO) extended caudally ( Fig. 2A ). In the homozygous mutants (Fig. 2C) , a similar extension of the spinous processes presented itself in vertebrae that were anterior to the first lumbar vertebra (Ll). In wild type mice, the transverse processes of vertebrae anterior to TlO were readily apparent, while those posterior to T9 were less apparent, being much smaller. On the other hand, the transverse processes of TlO through T13 in the mutant mice were as large as those of the more anterior thoracic vertebrae. Therefore, we concluded that TlO-13 were transformed to the more anterior vertebra as T9. The shape of the 10th thoracic vertebrae, designated the transitional vertebrae, characteristically differs from that of the other vertebrae. The homozygous mutants displayed an Ll with morphology similar to the transitional vertebra. Most of the mutants had Ll bearing rib bones. The extra ribs on Ll, however, were not similar to those of TlO, but rather resembled those of T13 in normal mice. All the homozygous mutants possessed an anterior homeotic transformation of TlO through Ll (Table l) , and showed no transformation of the other vertebrae posterior to Ll.
The skeletons of the ventral thoracic region of the mutants showed some abnormalities. In a normal mouse Table 1 Skeleton morphology according to ( Fig. 3A) , the sternum consists of the manubrium, four stemebrae and the xiphoid process. Seven pairs of ribs are attached to the sternum, and the second rib through the fifth ribs are attached at cartilage which separates the stemebrae. The sixth and the seventh ribs attach at the same point between the fourth stemebra and the xiphoid process. In the mutant mice ( Fig. 3C and D) , the stemebrae and xiphoid process were fused to each other, eight or nine pairs of ribs were attached to the sternum, and the tips of floating ribs were flattened and appeared to be more like the attached ends of true ribs. The tips of the floating ribs in wild type mice are sharp. The Hoxc-9 gene is expressed in the hindlimb buds, small intestine, kidney and neural tube at 12.5day embryos. No histological defects were found in these tissues in the mutant mice.
Transformation of the vertebrae and ribs in heterozygous mice
The heterozygous mice showed moderate skeletal abnormality in the thoracic region. The position of the transitional vertebra was shifted to the 1 lth vertebra (Fig. 2B ). This anterior transformation was seen in most heterozygotes (S/9). In half of the heterozygotes, eight pairs of ribs were attached to the sternum (Fig. 3B) , but without the abnormal ossification of the interstemebral cartilage that was observed in the homozygotes. Consequently, live stemebrae were formed in the sternum of the heterozygotes.
Caudal extension of Hoxc-8 gene expression
Targeted disruption of the Hoxc-8 gene results in anterior transformation of the vertebrae in the same domains where transformation is observed in Hoxc-9 mutants (Pollock et al., 1992; LeMouellic et al., 1992) . This raises the possibility that disruption of the Hoxc-9 gene may affect expression of the Hoxc-8 gene. To check that possibility, the expression pattern of the gene was examined by whole mount in situ hybridization of embryos at 10.5 and 11.5 days of gestation. As shown in Fig. 4 , the anterior boundary of expression of the gene in the heterozygotes and homozygotes was identical to that in wild type mice. Towards the tail, expression decreased in the wild-type neural tube, but in the heterozygotes and homozygotes it extended more caudally, almost to the tail bud. A similar expression pattern appeared in the prevertebrae where the heterozygote and homozygote showed a strong hybridization signal in the more caudal prevertebrae, which is an area that is devoid of Hoxc-8 gene expression in wild type mice.
Discussion
By using gene targeting, we introduced a deletion mutation at the Hoxc-9 locus. The wild type allele of the gene was completely replaced by the neo' gene so that no transcript of the gene could be produced. Homozygous mutants were 50-60% smaller than their wild type or heterozygous littermates as measured by body weight. Some homozygous mutants died around weaning age. Because histological analysis only detects skeletal defects and because the behavior of the homozygotes was normal, the cause of death of some of the homozygotes is not clear. Similar phenotypes and unexplained deaths were observed in the mutants.
All of the homozygous mutants showed anterior homeotic transformation of TlO through Ll. TlO corresponds to the anterior boundary of expression of the Hoxc-9 gene in the prevertebrae at 12.5 days of gestation (Erselius et al., 1990) . Loss of expression of the gene changed the Hox code (Kessel and Gruss, 1991) in the prevertebrae to that found in the more anterior region; this change in Hox code led to the morphology of the vertebrae becoming similar to the more anterior vertebrae such as T9. This suggests that the Hoxc-9 gene plays an important role in determination of the segmental identities of the vertebral columns posterior to T9.
The phenotypes observed in mice carrying null mutations of the Hoxc-8 gene suggest molecular mechanisms in the determination of segmental identities (LeMouellic et al., 1992) . Mutant mice showed anterior homeotic transformation of the vertebrae between T7 and Ll. Some mutants had sternum with eight pairs of ribs. The first lumbar vertebra bearing rib(s) was also observed in some mutants. These phenotypes caused by targeted disruption of the Hoxc-8 gene were almost identical to those of the Hoxc-9 mutants. Although Hoxc-8 gene expression was detected in the prevertebrae posterior to T4, transformations were observed in the more posterior domains where transformations also occurred after mutation of the Hoxc-9 gene. These results suggest that morphological changes induced by disruption of the gene are possibly mediated by interaction with the Hoxc-9 gene or its product.
A recent study has shown that the human HOXDS protein forms a complex with the HOXD9 protein, and the complex represses transcription activation by HOXD9 (Zappavigna et al., 1994) . This protein-protein interaction between HOXD8 and HOXD9 is mediated by their respective homeo domains. Both the amino terminus and helix 1 of the HOXD8 homeo domain are necessary for this repression of transcription activation by HOXD9. Because the amino terminus and helix 1 of HOXD8 and HOXD9 show striking similarities to their mouse paralogous proteins, Hoxc-8 and Hoxc-9, Hoxc-8 also is likely to complex with Hoxc-9 to negatively regulate Hoxc-9 function. These results and our data suggest that the complex of Hoxc-8 and Hoxc-9 regulates gene expression for the determination of segmental identities in the domains where morphogene-sis was affected in the Hoxc-9 mutants. Hence, both Hoxc-8 mutants and Hoxc-9 mutants might show similar phenotypes.
Interestingly, the heterozygotes and homozygotes for the Hoxc-9 mutation showed expression of the domains extending posteriorly. In wild type 9.5day embryos, the Hoxc-8 gene is expressed in the prevertebrae posterior to the forelimb bud and reaches to the tail bud. At 10.5 days of gestation, expression of the Hoxc-8 gene in the posterior region becomes low and remains in the prevertebrae between T5 and TlO. Hoxc-9 gene expression in the prevertebrae is first detected by 10.5 days of gestation with an anterior boundary at T9. Hoxc-9 gene expression becomes prominent posteriorly from T9 by 12.5 days of gestation, and prevertebral expression of the Hoxc-8 gene is strong from T5 to T9 and progressively decreases posteriorly from T9 (LeMouellic et al., 1988; 1992) . Basically, the domains with expression of Hoxc-8 become restricted outside the domain with Hoxc-9 expression. Similar expression patterns of these genes are observed in the neural tube. In heterozygotes and homozygotes, the domains of expression of the Hoxc-8 gene were extended posteriorly in the neural tube and prevertebrae. These results raise a possibility that the Hoxc-9 protein represses the Hoxc-8 gene expression, and that formation of the Hoxc-8/Hoxc-9 complex controls this repression of Hoxc-8 gene expression. Studies on cross regulation of Drosophila HOWC genes revealed that a gene with a more anterior boundary of expression is repressed by a more posterior gene, although significance of such regulation is still unclear (McGinnis and Krumlauf, 1992) . The mechanism of gene expression that regulates Drosophila segmentation very likely is conserved in murine segmental determination.
Control elements for Hoxc-8 gene expression may possibly be situated in the region that was removed for disruption of the Hoxc-9 gene; consequently, their deletion may have affected expression of the Hoxc-8 gene. Analysis of the Hoxc-8 gene promoter reported by Bieberich et al. (1990) indicates that removal of control elements was not the cause of the altered Hoxcd gene expression that we observed. They produced transgenic mice with a reporter gene driven by a 5-kb EcoRI fragment just upstream of the Hoxc-8 gene. We used the 5-kb upstream region in construction of the pH22 targeting vector as a 3 '-homologous fragment; therefore, the upstream region of the Hoxc-8 gene was left intact in the mutated allele. By in situ hybridization analysis of 10.5-day transgenic embryos, neither a transgene transcript nor the Hoxc-8 gene was detected in the posterior prevertebrae or neural tube. Therefore, we concluded that deletion of the Hoxc-9 locus itself does not cause the posterior extension of the region with Hoxc-8 gene expression. Moreover, the relation of the and Hoxc-9 gene expression patterns in wild type mice and the mutants strongly suggests that the Hoxc-9 gene functions to repress Hoxc-8 gene expression.
Why overexpression of the Hoxc-8 gene caused anterior homeotic transformation of vertebrae in the same domains as and Hoxc-9 null mutants is not clear. One interpretation is that the amount of the Hoxc-8/Hoxc-9 complex may be critical for the determination of segmental identities.
Abnormalities in the sternum and ribs were rather surprising because the Hoxc-9 gene expression has not been observed in these regions previously. Interestingly, malformations of the sternum seen in Hoxa-ll and Hoxb-4 mutants are also outside the regions of the gene expression (Small and Potter, 1993; Ramires-Solis et al., 1993) . This might be attributable to transient or undetectable gene expression, or a secondary interaction regulated by Hoxc-9 might be affected by the lack of gene expression.
In summary, the Hoxc-9 gene plays important roles in determination of segmental identities of the thoracic vertebrae posterior to T9 and in formation of the sternum and ribs. Our results suggest the possible importance of a Hox-protein complex in vivo. And they suggest that Hoxc-9 represses expression of the gene, which may be necessary for establishment of the normal Hox code.
Experimental procedures

Construction of the targeting vector
To construct pH22 replacement-type targeting vector, a 17-kb BALB/c mouse genomic DNA fragment from cosmid clone cosl7 containing the mouse Hoxc-9 gene (Goto et al., 1993) was used. A 5-kb EcoRI fragment containing the promoter region, both exons, the intron and the polyA addition signal was removed and a near gene was inserted. The Diphtheria toxin A (DT-A) fragment gene driven by a MC promoter (Yagi et al., 1990) was connected to the 3 ' end of the vector for negative selection.
Cell culture and transfection
The CCE ES cells (Schwartzberg et al., 1990) were maintained on a feeder cell layer of mitomycin C inactivated SLlO cells, a ST0 subline transformed with near gene, in Dulbecco's modified essential medium (DMEM) supplemented with 20?/ fetal calf serum, lx non-essential amino acids (GIBCO), 0.1 mM 2-mercapto-ethanol and lo3 units/ml leukemia inhibitory factor (AMRAD).
About 2 x lo7 ES cells in 0.8 ml PBS containing 40 rg of linearized pH22 were electroporated at 250 V with 500 pF capacitance in a 0.4 cm wide cuvette (BIORAD). The cells were plated onto two 100 mm plates. The next day, G418 (GIBCO) was added at 200 &ml. Colonies resistant for G418 were picked up, trypsinized and plated into 24-well plates. Cells were expanded for DNA analysis and for use as frozen stock. The homologous recombination event was confirmed by Southern blotting using a flanking probe outside the vector. From the 336 G418 resistant cell lines, one cell line, 9H61, was found to be targeted.
Generation of the mutant mice
To produce chimeric mice, 9H61 cells were injected into C57BW6 blastocysts. They were transferred into pseudopregnant females. Chimeric males were mated with A/J (albino) females and germline transmission was scored by the presence of agouti offspring. DNA from the tail tips of the offspring were analyzed by Southern blotting and PCR for the near sequence to identify mice with targeted allele. Homozygous mutants were generated by intercrossing of heterozygous mice.
DNA analysis
Genomic DNA from cells or tail tips was prepared as described (Lovell-Badge, 1987) . PCR analysis was performed with neo' primer pair, 5'-GTGCCCTGAAT-GAACTGCAG-3 ' and 5'-TTCGCTTGGTGGTCG-AATGG-3 ' , and Hoxc-9 primer pair, 5 '-CTCACGA-CAATGAAGACCTCC-3 ' and 5 ' -ATAGACCACA-GACGACTGCG-3 ' .
Skeleton analysis
Mice were eviscerated and fixed in 100% ethanol for 3 days, kept in acetone for 3 days and rinsed with water. The skeletons were cleared with 2% KOH and stained in 0.015% alizarin red in 1% KOH for 2 h. Further clearing was carried out in series of 20% glycerol in 1% KOH, 50% glycerol in 1% KOH and 80% glycerol in 1% KOH. They were stored in a 1: 1 mixture of glycerol and ethanol.
Whole mount in situ hybridization
Whole mount in situ hybridization was carried out as described (Wilkinson, 1992) . A 743-bp fragment [93-8351 in the first exon was used for detection of the Hoxc-8 transcript.
